Insect courtship and mating depend on integration of olfactory, visual, and tactile cues. 26 Compared to other insects, Bombyx mori, the domesticated silkworm, has relatively 27 simple sexual behaviors as it cannot fly. Here by using CRISPR/Cas and 28 electrophysiological techniques we found that courtship and mating behaviors are 29 regulated in male silk moths by mutating genes in the sex determination cascade 30 belonging to two conserved pathways. Loss of Bmdsx gene expression significantly 31 reduced the peripheral perception of the major pheromone component bombykol by 32 reducing expression of the product of the BmOR1 gene which completely blocked 33 courtship in adult males. Interestingly, we found that mating behavior was regulated 34 independently by another sexual differentiation gene, Bmfru. Loss of Bmfru completely 35 blocked mating, but males displayed normal courtship behavior. Lack of Bmfru 36 expression significantly reduced the perception of the minor pheromone component 37 bombykal due to the down regulation of BmOR3 expression; further, functional analysis 38 revealed that loss of the product of BmOR3 played a key role in terminating male mating 39 behavior. Our results suggest that Bmdsx and Bmfru are at the base of the two primary 40 pathways that regulate olfactory-based sexual behavior. 41 42 genome editing 43 44 45 46 3 47 Author Summary 48 The fundamental insect sexual behaviors, courtship and mating, result from successful 49 integration of olfactory, vision, tactile and other complex innate behaviors. In the widely 50 used insect model, Drosophila melanogaster, the sex determination cascade genes 51 fruitless and doublesex are involved in the regulation of courtship and mating behaviors; 52 however, little is known about the function of these sexual differentiation genes in 53 regulating sex behaviors of Lepidoptera. Here we combine genetics and 54 electrophysiology to investigate regulation pathway of sexual behaviors in the model 55 lepidopteran insect, the domesticated silk moth, Bombyx mori. Our results support the 56 presence of two genetic pathways in B. mori, named Bmdsx-BmOR1-bombykol and 57 Bmfru-BmOR3-bombykal, which control distinct aspects of male sexual behavior that are 58 modulated by olfaction. This is the first comprehensive report about the role of sex 59 differentiation genes in the male sexual behavior in the silk moth.
Results

150
Sex determination pathway mutants have altered courtship and mating behaviors 151 We used a binary transgenic CRISPR/Cas9 system to obtain a Bmfru mutant. The Bmfru 152 gene had not been reported in the silkworm, so we searched the silkworm genome 153 database and identified a locus that encodes a protein (NCBI Accession number: 154 EU649701.1) with a conserved BTB domain found in the FRU proteins of D. F 1 founder moths, then ten random F 1 female moths were crossed with wild-type males to 162 obtain heterozygous mutants. F 2 heterozygous mutant females were individually crossed 163 with wild-type males to obtain independent lines of F 3 heterozygous progeny, each 164 potentially carrying a unique mutant allele. Individuals within F 3 heterozygous lines were 165 crossed with each other to obtain F 4 homozygous mutants (S1C Fig) resulting in 166 approximately 25% homozygous mutants in the F 4 progeny. We characterized the 167 mutations by PCR using gene-specific primer pairs. All of the homozygous mutants had 168 four deleted base pairs that resulted in a premature termination codon ( Fig S1D) , 169 confirming that the original CRISPR/Cas9-induced mutation had occurred. 170 Next, we analyzed courtship behavior of male mutants with a wild-type virgin female 171 as the target and a mutant male (M-M) as the test at distances of 10 and 20 centimeters. 172 The male sexual behavior of silk moth consists of the following steps: the male silk moth 173 first recognizes the female by responding to a sex pheromone released by the female, the 174 male moth then exhibits a programmed sequence of walking consisting of transitory 175 bouts of straight-line walking, zig-zag turns and looping to climb toward the female.
176
Then the male displays orientation, wing flapping (wing song), or turns around, and uses 177 its forelegs to touch the female's abdomen. After confirming the position of the female's 178 external gentitalia the male attempts to mate with the female using its claspers. Once the 179 male mates with female, the male continues to flap its wings intermittently and copulates 180 for several hours. The Bmfru mutant males did recognize wild-type females and displayed 181 normal courtship behavior. Nevertheless, despite many attempts at copulating, the Bmfru 182 mutant males could not mate with the wild-type female (S1-3 Movies). Thus, the 183 courtship index of Bmfru mutant males was normal, whereas the mating index was zero 9 184 ( Fig 1) . In contrast, BmMasc, BmPSI, and Bmdsx mutant males did not display any 185 courtship behavior (i.e., no orientation, wing song, or turning around; Bmdsx behavior is 186 illustrated in S4, S5 Movies), so the courtship and mating indexes of these three mutants 187 were zero (Fig 1) . trichoidea to wild-type males ( Fig 2B and D) . The female mutant antennae had no 209 significant change compared with wild-type females, except for BmMasc-F which had a 210 slight increase in the length of antennae ( Fig 2C) . These results suggest that loss of BmPSI mutants showed significantly lower EAG responses to bombykol ( Fig 3A and C) . 235 BmMasc, BmPSI, and Bmfru mutant males displayed significantly lower EAG responses 236 to the minor pheromone bombykal than Bmdsx mutants; nevertheless, the response of the 237 Bmdsx mutants was also significantly lower than that of the wild-type moths ( Fig 3A and sensillum trichodea may contribute to the failure of courtship behavior of these mutants.
252
The Bmfru mutants responded normally to bombykol but did not respond to bombykal males is promoted mainly by Bmdsx but also by Bmfru (Figure 4 ). BmOR2 expression 292 was normal except in the BmPSI mutant where it was expressed at levels lower than those 293 observed in wild-type males (Figure 4 ). These expression patterns suggested that BmPSI 294 is required in males for normal expression of 5 out of the 6 olfactory genes tested.
295
The normal response to sex pheromones by a single sensillum of the BmMasc mutant These results suggested that F 1 individuals carried truncated proteins of BmOR3, so we 331 used the F 1 founder moths to analyze adult behavior.
332
The BmOR3 mutant males displayed normal courtship behavior, including orientation, 333 wing song, and turning, and the courtship and mating indexes were only slightly below 334 normal ( Fig 5A and B) . As noted previously, the normal duration of copulation is several 335 hours. Although almost all wild-type males had autosegregated after 12 hours of mating, 336 most of the BmOR3 mutant males had not ( Fig 5C) . Electrophysiological analyses 337 revealed that the BmOR3 mutants responded normally to bombykol but had lost 338 responsiveness to bombykal ( Fig 6) ; this was also the case for the Bmfru mutants. These 339 findings indicated that BmOR3 is not necessary for courtship. connection between these two major pathways which control the sexual behavior and 371 morphology of the insect. Here, we provide genetic evidence for a functional interplay 372 between these sex pheromone receptors and genes in the sex determination pathway. Our 373 results support the notion that the Bmdsx-BmOR1-bombykol pathway regulates courtship 374 behavior and that Bmfru-BmOR3-bombykal regulates mating (Fig 7) . BmOR2 was expressed normally in BmMasc mutant males, and changes in expression of 408 other olfactory system genes were more moderate in BmMasc mutant males than in 409 BmPSI mutant males. Moreover, the BmMasc mutant responded to pheromones normally 410 as shown by SSR, even though the signal from whole antennae was decreased as shown 411 using EAG. These results suggest that olfactory neurons are functionally normal but may 412 be decreased in number in the BmMasc mutant.
413
In conclusion, by using a comprehensive set of knockout mutations in genes Bmdsx, 414 BmPSI, BmMasc, Bmfru, and BmOR3, we showed that the sex determination cascade in B.
415 mori contributes to the establishment of olfactory system-based sexual behaviors. We conditions. BmMasc, BmPSI and Bmdsx mutants are described in our previous reports.
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The parental transgenic U6-sgRNA and nos-Cas9 lines were reared separately. Crossing Single sensillum recordings (SSR) 517 To perform single sensillum recordings, a 1-2 day-old virgin male silk moth was placed 518 in a remodeled 1-ml plastic pipette with the protruding head fixed by dental wax. The 519 exposed antenna was attached to a cover-slip with double-faced adhesive tape. A 520 recording tungsten wire electrode was inserted into the sensilla and reference tungsten 521 wire electrodes were inserted into the compound eyes. Data were obtained for 3-6 522 individuals for each genotype and 10-20 sensilla for each individual were examined. The 523 recordings were performed under a LEICA Z16 APO microscope at 920 × magnification.
524
Pheromone components were prepared as described in the "Electroantennogram added to synthesize the second strand, and the double-stranded cDNA was purified with 
